High concentrations of bisphenol A were detected in the effluent from several pulping processes for waste paper containing thermal paper and/or other printed paper. Chlorinated derivatives of bisphenol A were found to be formed by its reaction with a low concentration of chlorine in the effluent from the bleaching process using sodium hypochlorite. Poly-chlorinated derivatives were mainly detected in the final effluents from two plants because they were not biodegraded in the water recycling process by treatment with activated sludge. The estrogenic activities of bisphenol A and its chlorinated derivatives were evaluated by an agonist assay using the yeast two-hybrid system with and without a metabolic activation test using rat liver S9. All of the chlorinated derivatives tested showed more potent activity than bisphenol A without S9. The activity of 3,3′-dichlorinated BPA was 38-fold stronger than that of bisphenol A. The activities of these compounds were almost eliminated upon treatment with S9.
INTRODUCTION
Bisphenol A, 2,2-bis(4-hydroxyphenyl)propane (BPA), has weak acute toxicity toward aquatic organisms; LC 50 or EC 50 levels for fish and invertebrates range from 1.1 to 10 mg/l. 1) Bisphenol A has also been reported to interact with estrogen receptors. [2] [3] [4] Currently, there is considerable interest in potential effects on fish populations with a view to developing regulatory criteria.
Bisphenol A is used in the production of polycarbonate and epoxy resins, flame retardants, and other specialty products. Final products include adhesives, protective coatings, powder paints, building materials, compact disks, thermal paper and electronic parts. In addition, bisphenol A is used in the paper industry, where it is used mainly as a developer in dyes for thermal papers. Therefore, we thought that bisphenol A might be released into wastewater from recycling plants that processed such paper products. On the other hand, we previously demonstrated that bisphenol A readily reacted with sodium hypochlorite, which is used as a bleaching agent in paper factories, to give chlorinated derivatives of bisphenol A. Further investigation revealed that such derivatives contaminated the final effluent from waste paper recycling plants. 5) Based on these findings, we shifted our attention to clarifying of the process by which these compounds are released into the effluent and the toxicity of chlorinated derivatives. Figure 1 shows the chemical structures of bisphenol A and its chlorinated derivatives.
In the present study, we quantitatively analyzed bisphenol A and chlorinated bisphenol A in the effluent from several processes of paper recycling plants. Furthermore, we evaluated the estrogenic activities of the chlorinated derivatives of bisphenol A with an estrogenicity assay system for agonist activity using the yeast two-hybrid system.
MATERIALS AND METHODS
Bisphenol A and bisphenol A-d 16 were purchased from Kanto Chemical Co., Inc., Japan. Chlorinated *To whom correspondence should be addressed: Institute for Environmental Sciences, University of Shizuoka, 52-1 Yada, Shizuoka 422-8526, Japan. Tel. & Fax: +81-54-264-5788; Email: terao@u-shizuoka-ken.ac.jp bisphenol A [3-ClBPA: 2-(3-chloro-4-hydroxyphenyl)-2-(4-hydroxyphenyl)propane, 3,5-diClBPA: 2-(3,5-dichloro-4-hydroxyphenyl)-2-(4-hydroxyphenyl)propane, 3,3′-diClBPA: 2,2-bis(3-chloro-4-hydroxyphenyl)propane, 3,3′,5-triClBPA: 2-(3,5-dichloro-4-hydroxyphenyl)-2-(3-chloro-4-hydroxyphenyl)propane, 3,3′,5,5′-tetraClBPA: 2,2-bis(3,5-dichloro-4-hydroxyphenyl)propane] were synthesized and purified as described previously. 5) N,OBis(trimethylsilyl)trifluoroacetamide (BSTFA) of GC grade was obtained from Wako Pure Chemicals Industry Ltd., Japan. All solvents used were of pesticide analysis grade and other chemicals were of chemical grade. Water was treated by a Milli-Q Water Purification System after distillation and then purified with an activated carbon column (Active carbon beads-L 20/30 mesh, GL Science Inc., Japan).
Recombinant yeast with the estrogen receptor ERα and the coactivator TIF2 was provided by Nishikawa.
6) Modified SD (MSD) medium was prepared by changing to 0.86% dextrose. An Aurora TM GAL-XE kit (contain chemiluminescent substrate, reaction buffer and accelerator) was purchased from ICN Pharm. Inc. Zymolyase 20T was purchased from Seikagaku Co., Tokyo, Japan. Rat liver S9 was purchased from Kikkoman Co., Tokyo, Japan.
GC/MS Apparatus and Operating Conditions
---Gas chromatography/mass spectrometry (GC/ MS) was performed with an HP 5890 II gas chromatograph equipped with an HP 5971A mass spectrometer (Hewlett Packard, U.S.A.). The injection temperature was 250°C and the injection mode was splitless. The carrier gas was helium and the column head pressure was 7 psi. An HP-5 Trace Analysis capillary column (30 m × 0.25 mm i.d., 0.1 µm d f ) was used. The oven temperature was initially 100°C, and then raised to 270°C at a rate of 15°C/ min, and finally held at that temperature for 6 min. The MS transfer line temperature was 290°C. MS measurement was performed in the selected ion monitoring (SIM) mode for a quantitative analysis. hydrochloric acid (pH < 4). The solution was extracted twice with 20 ml of dichloromethane by shaking for 10 min. The emulsion was further extracted twice with 5 ml of dichloromethane by shaking for 10 min. The dichloromethane layers were combined and dried over anhydrous sodium sulfate. The extract was then concentrated on a rotary evaporator to about 1 ml and was further concentrated to 0.3 ml under a nitrogen stream. After the addition of 200 µl of BSTFA solution, the sample solution was allowed to stand for 30 min to form the bis(trimethylsilyl) ethers. The reaction solution was concentrated again to 0.3 ml under a nitrogen stream. The sample solution diluted up to 1 ml with dichloromethane was subjected to GC/MS (SIM) analysis. Estrogenic Activity of Bisphenol A and its Chlorinated Derivatives ---The agonist activities for estrogen receptor of bisphenol A and its chlorinated derivatives were evaluated by a rapid and simple operational estrogenicity assay system using the yeast two-hybrid system. 7) Sample solutions were prepared by dissolving the chemicals in dimethylsulfoxide (DMSO) at a concentration of 2 mM. A solution (20 µl) was prepared with MSD medium (480 µl) for direct assay without S9. On the other hand, a solution (20 µl) prepared with S9 mix (S9 concentration of 4.8%, 480 µl) was treated at 37°C for 1 hr for metabolic activation assay. The yeast cells were preincubated overnight at 30°C in MSD medium lacking tryptophan and leucine. MSD medium (60 µl) was placed in each well of a 96-well of microplate. Next, 60 µl of sample treated with or without S9 was added in triplicate to the wells of the first column, and diluted. After the cell suspension (60 µl) was added to each well, the mixture was shaken with a vortex mixer and incubated for 4 hr at 30°C.
Eighty microliters of reaction solution [Lysis sol. (zymolyase 20T/Z buffer 2 mg/ml) + Aurora reaction buffer sol. (5 : 3)] was added to each well and incubated for 1 hr at 37°C. Supplementation with medium or cell suspension and dilution of sample were carried out using an automatic dilution and dispensing system (NSP-7000, NICHIRYO, Japan). Fifty microliters of light emission accelerator solution was added and the intensity of chemiluminescence by β-galactosidase was measured with a luminescencer-JNR (AB2100, ATTO, Japan). Transstilbene (0-10000 nM) and 17β-estradiol (0-2000 pM) were used as positive control chemicals for the assay with and without S9 .
Agonist activity was evaluated in terms of EC X10 , which was defined as the concentration at which the ratio of the chemiluminescent signal of the sample to that of a blank control was 10.
RESULTS AND DISCUSSION

Determination of Bisphenol A and Chlorinated Bisphenol A in Final Effluents
Since wastewater from recycling contains various organic compounds, bisphenol A and its chlorinated derivatives were determined as bis(trimethylsilyl) ethers to avoid contamination and to improve their limits of detection. The characteristics of mass spectra of these derivatives have been described previously.
5) The recovery rate of BPAd 16 from final effluents ranged from 88 to 94% (n = 4) for a concentration of 5 µg/l.
We analyzed bisphenol A and its chlorinated derivatives in the final effluents from 20 paper manufacturing plants in Shizuoka prefecture, Japan. Table 1 shows the results together with the products, raw materials, bleaching agents and method of wastewater treatment in these plants.
Bisphenol A was detected in the final effluent, at concentrations from all of these plants ranging from 0.2 to 370 µg/l (av. 59 µg/l). At two plants (Nos. 1 and 2), where only pulp was used as a raw material, bisphenol A was detected at a low level of between 0.2 and 0.4 µg/l. However, at the other plants, where waste papers were used, concentrations of bisphenol A became higher. The concentration of bisphenol A in the final effluent was affected by the waste paper being treated. It seems likely that treatment of printed paper and thermal paper increases the amount of bisphenol A released.
Production of Chlorinated Derivatives of Bisphenol A in the Bleaching Process
Chlorinated derivatives of bisphenol A were found in the final effluent at 8 plants at concentrations ranging from trace to 2.0 µg/l. Since sodium hypochlorite was used in the breaching process in all of these plants, it is likely that the chlorination of bisphenol A involves sodium hypochlorite. However, it is unclear why poly-chlorinated derivatives were detected in preference to mono-or di-chlorinated derivatives at plants 14 and 15. To clarify this point, we further analyzed the effluent for each process in plant 15. Figure 2 shows the manufacturing and wastewater treatment processes in plant 15. In this plant, the effluent for each process was reused in a more polluting process to decrease the volume of wastewater. Therefore, each effluent was treated by coagulating sedimentation and/or activated sludge, and while some was discharged into the final effluent, the rest was recycled. Table 2 shows the concentrations of bisphenol A and its chlorinated derivatives in the effluent for each process at plant 15. Bisphenol A was released from the pulping process (sampling sites S-1, S-2, S-3 and S-4, in Fig. 2 ) at higher concentrations from 196 to 10300 µg/l. Bisphenol A was detected at the highest concentration in the effluent from pulp-thickening process. This can be explained by the fact that the pulping was carried out under alkaline conditions, solubility of bisphenol A in aqueous solution increased consequently, 8) and the reuse of the effluent from this process resulted in the accumulation of resolved bisphenol A. In addition, if waste paper is mixed with polycarbonate resins, bisphenol A may be released at a higher concentration into the effluent because such resins readily undergo hydrolysis under alkaline conditions to give bisphenol A. 9) In the sample water after washing of bleached pulp (sampling site S-5), bisphenol A and its chlorinated derivatives were detected at low concentrations. In this plant, deinked pulp was bleached using 12% sodium hypochlorite solution and the residual chlorine in the effluent from the washing of bleached pulp was controlled to maintain a low concentration, which was determined to range between 0.2 and 0.4 mg/l by the ortho-tolidine colorimetric method. Therefore, the chlorinated derivatives may have been generated by chlorination with a low concentration of residual chlorine from the washing of bleached pulp, during reuse of the effluent from this process.
In activated sludge treatment (sampling sites S-6 and S-7), where highly polluted effluents from the pulper, digester and their washing processes were treated, the concentration of bisphenol A decreased more than 99%. However, the chlorinated derivatives showed the different patterns of removal; the concentration of 3-ClBPA decreased considerably, while those of 3,3′,5-triClBPA and 3,3′,5,5′-tetraClBPA did not changed. These results are consistent with the results of our biodegradation test 5) using the supernatant of activated sludge; bisphenol A and 3-ClBPA underwent rapid biodegradation, while 3,3′,5-triClBPA and 3,3′,5,5′-tetraClBPA were scarcely affected.
In the coagulating sedimentation process (sampling sites S-8 and S-9), the concentration of bisphenol A did not changed, presumably due to fluctuation in this process. On the other hand, we observed that 21-36% of bisphenol A in the effluents was removed during the coagulating sedimentation process with water sampled from flocculation basins (data not shown).
In the final effluent (sampling site S-10), bisphenol A was found at a high concentration and all of the chlorinated derivatives were found at a similar level.
Thus, bisphenol A was released at a higher concentration from the pulping process and reacted with a low concentration of residual chlorine to give chlorinated derivatives. Although bisphenol A and 3-ClBPA underwent rapid biodegradation, 3,3′,5-triClBPA and 3,3′,5,5′-tetraClBPA were scarcely biodegraded by treatment with activated sludge. As a result of this different rate of biodegradation, the concentrations of 3,3′,5-triClBPA and 3,3′,5,5′-tetraClBPA increased relative to those of 3-ClBPA and diClBPA during wastewater recycling.
Isomers of Dichlorinated Bisphenol A
Two isomers (3,3′-diClBPA and 3,5-diClBPA) of dichlorinated bisphenol A were found in the final effluents of 4 plants (Table 1) , although only 3,3′-diClBPA was produced by the reaction of bisphenol A with sodium hypochlorite under alkaline conditions. 5) To clarify the reason for this finding, we investigated the optimal conditions for the formation of 3,5-diClBPA.
When bisphenol A is dissolved in water, three aqueous forms, undissociated BPA, monoanion and dianion, can be considered and the amount of each is dependent on the pH of the solution. At low pH, only undissociated BPA exists, and the amount of the monoanion increases with increasing pH. With a further increasing in pH, the levels of undissociated BPA and the monoanion decrease, while that of the dianion increases.
8) The formation of 3,5-diClBPA may result from electrophilic attack on a phenolate moiety of the monoanion by two chlorines.
To confirm the sensitivity for the formation of these two isomers of diClBPA, the reaction of bisphenol A with sodium hypochlorite was reacted in aqueous solutions adjusted to pH 3.7, 6.8 and 8.0 with phosphate buffer solution. The results of GC/ MS analysis of each reaction mixture are shown in Fig. 3 . 3,3′-DiClBPA was formed preferentially at pH 3.7 ( Fig. 3 (a) ), as well as in alkaline solution, as described previously.
5) 3,5-DiClBPA was formed preferentially at pH 6.8 ( Fig. 3 (b) ). At pH 8.0, the intensity of the peak due to 3,3′-diClBPA is similar to that of 3,5-diClBPA.
These results revealed that 3,5-diClBPA was formed in preference to 3,3′-diClBPA under neutral conditions. In fact, the pH of the process effluent at plant 15 was neutral (pH 6.5-8.0) except for that from the pulping process. 
Estrogenic Activity of Bisphenol A and its Chlorinated Derivatives
Although bisphenol A has been reported to interact with an estrogen receptor and show weak estrogenic activity, [2] [3] [4] the activities of the chlorinated derivatives described above have never been investigated. We attempted to evaluate the estrogenic activity of the chlorinated derivatives by the yeast twohybrid system.
Nishikawa et al. developed a method for the screening for chemicals with hormonal activities using the yeast Y190 in which two expression plasmids, the pGBT9-estrogen receptor ligand-binding domain (pGBT9-ER LBD) and pGAAD424-TIF2, have been introduced. 6) Shiraishi et al. modified this procedure to simplify and improve the sensitivity by adapting the 96-well plate culture method and the chemiluminescent reporter gene assay method. 7) In the agonist assay without S9, the positive control compound, 17β-estradiol, exhibited a dose-re- sponse relationship at concentration ranging from 0 to 2000 pM, and EC X10 was 120 pM. In a preliminary test, all of the chlorinated derivatives had different levels of agonist activity. To evaluate of EC X10 , the test compounds were prepared in the following concentrations: bisphenol A ranged from 0 to 20000 nM, 3,3′,5,5′-tetraClBPA from 0 to 5000 nM, 3-ClBPA and 3,5-diClBPA from 0 to 2,000 nM, 3,3′-diClBPA and 3,3′5-triClBPA from 0 to 500 nM. The assay with S9 was also carried out under the same conditions. Figure 4 shows the results of the agonist assay test with and without S9. All of the compounds tested without S9 exhibited a dose-response relationship and all of the chlorinated derivatives were more potent than bisphenol A itself (Fig. 4 (a) ). The EC X10 values were calculated and the results are shown in Table 3 . 3,3′-DiClBPA shows the most potent activity among these chlorinated derivatives, and its activity was 38-fold greater than that of bisphenol A.
3,3′,5-TriClBPA had 20-fold greater activity than bisphenol A. 3-ClBPA and 3,5-diClBPA were nearly equipotent and 8-fold stronger than bisphenol A.
On the other hand, Fig. 4 (b) shows that the activities of all of the chlorinated derivatives were almost entirely eliminated upon treatment with S9. The activity of bisphenol A (EC X10 = 7600 nM) also became very weak when tested with S9 mix. In this case, it is likely that bisphenol A was not fully metabolized due to its high concentration.
Nishihara et al. tested the agonist activities of more than 500 chemicals by the two-hybrid assay without S9, and concluded that 64 compounds had such activity. They found that most of the positive compounds have a phenol ring with a moiety with appropriate hydrophobicity at the para-position, and that substitution with a bulky moiety at the orthoposition reduces this activity. 10) The chlorinated derivatives tested in this study possess chlorine(s) at the ortho-position and exhibited 8-to 38-fold stronger activity than bisphenol A. These results do not agree with those obtained by Nishihara et al., but are very interesting. Unexpectedly, 3,3′-diClBPA had the most potent agonist activity, and was five times more potent than 3,5-diClBPA. The structureactivity relationship of these compounds is now under investigation.
Chlorinated derivatives of bisphenol A were produced by the reaction of bisphenol A with sodium hypochlorite used as a bleaching agent and were released in the effluent from waste paper recycling plants. From an environmental point of view, more attention should be paid to the use of papers containing bisphenol A as raw materials and to the use of sodium hypochlorite as a bleaching agent in waste paper recycling. The toxicities of other chlorinated derivatives that are likely to be formed by reacting with sodium hypochlorite should be checked before they are released into the environment. a) EC X10 was defined as the concentration at which the ratio of the chemiluminescent signal of the sample to that of a blank control was 10.
